DPPH radical scavenging reactions of protocatechuic acid and its methyl ester were investigated in various solvents. In alcoholic solvents, methyl protocatechuate rapidly scavenged more than four equivalents of the radical, whereas approximately two equivalents were consumed in aprotic solvents. Methyl, ethyl, butyl, isopropyl, and tert-butyl protocatechuates were examined for their DPPH radical scavenging abilities in methanol or ethanol. As a result, the radical scavenging equivalence of sterically bulky esters tended to decrease compared to that of methyl or ethyl ester. The ABTS radical scavenging ability of those esters in water also showed the same tendency. Since 2-methoxy derivatives were detected in the reaction mixture of methyl protocatechuate and DPPH radical in methanol, a nucleophilic attack of an alcoholic molecule on the o-quinone intermediate, which is sensitive to steric hindrance from alkyl groups of both esters and alcoholic solvents, must be crucial for total radical scavenging abilities.
Phenolic acids and esters are regarded as one of the principal groups of dietary polyphenols and are known for their antioxidant activities. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Among them, protocatechuic acid (3,4-dihydroxybenzoic acid) and gallic acid (3,4,5-trihydroxybenzoic acid) are typical molecules which show potent antiradical activity. 1, 2, [5] [6] [7] [8] 11) We have examined the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging reaction 12, 13) of those acids and methyl esters and found that methyl protocatechuate and gallate were converted to their oxidative dimers with different connectivities during reaction in an aprotic solvent. 11) In contrast, radical scavenging reactions proceeded rapidly in a protic solvent. Furthermore, it is interesting that the DPPH radical scavenging ability of methyl protocatechuate in ethanol was unexpectedly two-fold higher than that of protocatechuic acid, which simply corresponds to a conversion to protocatechuquinone, in the same solvent. 7, 11) In contrast, both ester and acid showed nearly the same DPPH radical consumption, being as low as protocatechuic acid in ethanol, in acetone. In addition, 3-methyl hemiacetals of the corresponding quinones were found to be produced during a DPPH radical oxidation of protocatechuic acid and methyl ester in methanol. 14) Although solvent effects on hydrogen atom abstractions from phenols by DPPH radical have been studied, [15] [16] [17] little has been discovered about the solvent contribution to radical scavenging reactions beyond quinones produced from catechols. In this article, we report on the importance of alcoholic solvent molecules to the total DPPH radical scavenging ability of alkyl protocatechuates.
Materials and Methods
Reagents. Protocatechuic acid (1) (Sigma Chemical Co.), ethyl protocatechuate (3) (Tokyo Kasei Kogyo Co., Ltd.), and DPPH radical (Wako Pure Chemical Industries, Ltd.) were purchased from the respective suppliers. The other protocatechuic esters were prepared as follows, and all other reagents and solvents used were of technical grade.
Protocatechuic esters. Methyl protocatechuate (2) was prepared from protocatechuic acid by heating with methanol containing 10% hydrogen chloride. Butyl (4) and isopropyl (5) protocatechuates were prepared by heating of protocatechuic acid and corresponding alcohols with a catalytic amount of concentrated sulfuric acid. tert-Butyl protocatechuate (6) was prepared as follows. Benzylation of ethyl protocatechuate (2 g) with benzyl bromide (3 eq) and potassium carbonate in dry acetone under refluxing for 4 h followed by alkaline hydrolysis gave protocatechuic acid di-O-benzyl ether (2.5 g, 68%). N,N-Carbonyldiimidazole (1 eq) was added to the di-O-benzyl ether (0.4 g) in N,N-dimethylformamide and the mixture was stirred at room temperature. After 2 h, tert-butyl alcohol (2 eq) and diazabicycloundecene (1 eq) were added to the solution and heated at 40 C for 24 h. The crude ester obtained was deprotected by catalytic hydrogenation to yield tert-butyl protocatechuate (0.18 g, 71%). All prepared esters gave satisfactory spectroscopic properties (Fig. 1) .
y To whom correspondence should be addressed. Fax: +81-11-706-2496; E-mail: junk@chem.agr.hokudai.ac.jp DPPH radical scavenging tests. 11) To a solution of DPPH radical (500 mM, 1 ml) in an appropriate solvent was added a phenol solution (12.5 mM, 4 ml) of the same solvent in a test tube. The final molar ratio of the radical to the phenol was 10:1. The solution was immediately mixed vigorously for 10 s with a Vortex mixer and transferred to a cuvette. Absorbance at 517 nm was measured after 1, 2, 3, 5, 10, 20, and 30 min at room temperature with a Hitachi U-3210 instrument. An ethanol solution of -tocopherol in the same concentration was measured as a positive control. A reduction in absorbance by the positive control was regarded as corresponding to the consumption of two molecules of DPPH radical. 12, 18) ABTS radical scavenging tests. 19) A mixture of 2,2 0 -azinobis(3-ethylbenzthiazoline-6-sulfonic acid), diammonium salt (ABTS, 19 mg), and potassium peroxysulfate (3.3 mg) in water (5 ml) was kept for 12-16 h at room temperature in the dark. The resultant radical cation solution was diluted with water so as to bring the absorbance at 734 nm to 0.70. The pH of the final solution was 6.1. To the diluted ABTS radical solution (2.97 ml) was added a phenol solution (0.5 mM in ethanol, 0.03 ml) in a test tube. The solution was immediately mixed vigorously for 10 s with a Vortex mixer and transferred to a cuvette. Absorbance at 734 nm was measured after 1, 2, 3, 5, 10, 20, and 30 min at room temperature. An ethanol solution of trolox in the same concentration was measured as a positive control. A reduction in absorbance by the positive control was regarded as corresponding to the consumption of two molecules of ABTS radical.
Preparation of methyl 2-methoxyprotocatechuate (9). Methyl esterification of 2,3,4-trihydroxybenzoic acid (10 g, 59 mmol) in 10% HCl in methanol (30 ml) under reflux for 16 hr gave methyl 2,3,4-trihydroxybenzoate as white crystals (5.0 g, 46%). The methyl ester (295 mg, 1.6 mmol) was refluxed with benzyl bromide (0.33 ml, 2.9 mmol) and potassium carbonate (425 mg, 3.0 mmol) in acetone (10 ml) for 2 h to yield methyl 3,4-bisbenzyloxy-2-hydroxybenzoate as a white solid (302 mg, 52%). The bisbenzyl ether (302 mg, 0.83 mmol) in acetonitrilemethanol (4:1, 5 ml) was methylated with 2 M trimethylsilyldiazomethane solution in hexane (0.58 ml, 1.16 mmol) in the presence of N-ethylisopropylamine (0.2 ml, 1.16 mmol) overnight at room temperature. The resultant bisbenzyl methyl ether was deprotected by hydrogenation at atmospheric pressure with a catalytic amount of 10% Pd-C to yield methyl 2-methoxyprotocatechuate (9) as a white solid (88 mg, 28% from bisbenzyl ether). Identification of methyl 2-methoxyprotocatechuate (9) from the reaction mixture of methyl protocatechuate (2) and DPPH radical. To a solution of methyl protocatechuate (2, 42 mg, 0.25 mmol) in methanol (20 ml) was added DPPH radical (394 mg, 1 mmol, 4 eq) and the mixture was stirred at room temperature. After 1 h, sodium dithionite (85 mg, 0.50 mmol, 2 eq) in water (2 ml) was added dropwise to the reaction mixture and stirred further for 1 h. The solvent was evaporated and the residue was dissolved in acetone and filtered. The acetone extract was subjected to preparative silica gel TLC (chloroform-methanol-formic acid = 100:2:0.1, R f 0.24) to yield a crude product, which was further purified by preparative HPLC [column: ODS-2 (4:6 Â 250 mm, GL-Science Co.), mobile phase: 20% MeCN containing 0.1% formic acid, flow rate: 1 ml/ min, detection: UV 254 nm, t R 9.2 min] to give methyl 2-methoxyprotocatechuate (9, 0.4 mg, 1%). The physicochemical properties coincided well with those of an authentic specimen.
Results and Discussion
The DPPH radical scavenging equivalence of protocatechuic acid (1) and methyl protocatechuate (2) was determined by the colorimetric method in various solvents including methanol, ethanol, 1-propanol, 2-propanol, acetone, and acetonitrile. The results in 30 min for 1 and 2 are shown in Figs. 2 and 3 , respectively. After 30 min, the relative radical scavenging equivalence of 1, when that of -tocopherol in ethanol as standard was designated as 2, was as follows: 2.5 (methanol), 2.3 (ethanol), 2.8 (1-propanol), 1.7 (2-propanol), 2.1 (acetone), and 2.2 (acetonitrile). The solvent dependency of the radical depletion of 1 was thus small, and approximately two equivalents of the radical, corresponding to an oxidation of 1 to protocatechuquinone (7), were consumed in the solvents tested. On the other hand, methyl protocatechuate (2) scavenged 5.0 (methanol), 4.7 (ethanol), 4.4 (1-propanol), 2.6 (2-propanol), 2.0 (acetone), and 2.2 (acetonitrile) equivalents of the radical in 30 min. In contrast to the case of 1, the radical scavenging equivalence of 2 was distinctly increased in protic solvents such as methanol, ethanol, and 1-propanol compared to that in the aprotic solvents, acetone and acetonitrile. These results suggest that a further oxidation reaction beyond the corresponding quinone occurs only in protic solvents. In the alcohols used, three primary alcohols clearly enhanced radical consumption more than the secondary alcohol, 2-propanol. This indicates that the effects of protic solvents are not simply due to their high polarity, which is favorable to a dissociation of phenolic protons 17) and thus to oxidation toward quinone. There must be another mechanism in which solvent molecules themselves take part. The reactivity of DPPH radical itself was reported to be affected by solvents. 20) However, this simple solvent effect can hardly account for the difference in reactivity of 2, since the DPPH radical scavenging ability of 1 did not depend significantly on the solvent variety compared to that of 2.
The intermediate protocatechuquinone methyl ester (8) susceptible to a nucleophilic attack might undergo an addition of the alcohol molecule and a successive deprotonation to regenerate a catechol structure (9) , which can react with two additional radicals. The position of the attack is expected to be C-2 of the quinone ring being doubly activated by C-4 and C-7 carbonyls by a conjugation compared to the other vacant positions, C-5 and C-6, which are activated only by C-3 and C-4 carbonyls, respectively. This assumption was supported by the fact that the Michael-type addition of a sodium phenolate occurred on C-2 of protocatechuquinone methyl ester to yield methyl 2-aryloxyprotocatechuate.
21) The highest radical scavenging equivalence of 2 was observed in methanol (5.0), and an extension of the alkyl chain of the solvent led to a reduction in the ability, such as in ethanol (4.7) and 1-propanol (4.4), and the relatively bulky 2-propanol showed a low activity of 2.6 compared to the other primary alcohols. This suggests that a steric effect around an alcoholic hydroxyl group of the alcohol molecule reflects the reactivity of the nucleophilic attack and, in consequence, total radical scavenging equivalence in each alcohol. In addition, a further addition of the alcoholic nucleophile toward the reoxidized 2-alkoxyquinone (10) in the same manner may account for scavenging beyond 4 DPPH radicals. Actually, galloquinone produced by an orthochloranil oxidation of methyl gallate is known to undergo two successive additions of benzenethiol to give 2,6-bis-(phenylthio)gallate, although its yield is as low as 1%.
22)
If radical scavenging beyond two equivalents is triggered by addition of the solvent molecule to C-2 of the intermediate quinone, the reaction rate should be affected by steric effects of an alkyl group in the ester moiety as well as of solvent molecules. Hence the radical scavenging reactions of a series of protocatechuic esters, including methyl, ethyl, butyl, isopropyl, and tert-butyl, were examined. The DPPH radical scavenging ability of those protocatechuic esters in acetone, methanol, and ethanol are depicted in Figs. 4, 5 and 6, respectively. In acetone, all the protocatechuic esters as well as protocatechuic acid scavenged 2.0-2.2 equivalents of the radical except for the relatively low tert-butyl ester, 1.6. In methanol, the radical scavenging equivalence of each ester at 30 min was 5.0 (methyl), 4.9 (ethyl), 4.7 (butyl and isopropyl), and 4.2 (tert-butyl), compared with that of protocatechuic acid, 2.5. Hence, sterically bulky alkyl groups reduced the radical scavenging ability of the esters. This tendency was also observed in ethanol, 4.7 (methyl), 4.5 (ethyl), 4.2 (butyl), 4.3 (isopropyl), and 3.8 (tert-butyl) for each ester, and 2.3 for the acid. Since a series of processes including the addition of the solvent molecule to the quinone, a successive deprotonation to regenerate a catechol, and a further oxidation to an alkoxyquinone must result in four equivalents of the radical consumption, the time to scavenge 4 DPPH radicals by each ester in methanol and ethanol is summarized together with the steric parameters 23) of their alkyl groups in Table 1 . The steric hindrance of alkyl groups occurs in the order, methyl, ethyl < butyl, isopropyl < tert-butyl. The time necessary for 4 radical scavenging lengthened as the steric hindrance of the esters increased except for ethyl ester in methanol. This indicates that the addition of the alcohol molecule at C-2, where steric repulsion from an ester alkyl group appears to be effective, is responsible for the second step of radical scavenging beyond the initially produced quinone.
The NMR spectrum of the reaction mixture of 2 and DPPH radical in methanol-d 4 showed additional small doublet peaks of H-5 at 5.83 together with those of protocatechuquinone methyl ester (8) and its hemiacetal (11), 6.43 and 6.11, respectively. 14) This highest field doublet also appeared in the NMR spectrum of the reaction mixture of methyl 2-methoxyprotocatechuate (9), prepared from 2,3,4-trihydroxybenzoic acid, and DPPH radical in methanol-acetone (3:1), where acetone was added as a co-solvent to enhance the solubility of the radical and had little influence on the reaction. The reaction mixture from 9 showed signals of two distinct products in the ratio of 7:3. The major product had a pair of doublets at 5.83 and 7.51, whereas the minor had a pair at 6.20 and 7.38, although those signals gradually collapsed to give a complex pattern. In the HMBC spectrum of the reaction mixture, the doublets at 5.83 and 6.20 gave correlation peaks with an acetal carbon of 92.5 and a carbonyl of 179.3, respectively. These correlation peaks well corresponded to those found in the reaction mixture containing 11 and 8, produced from 2 and DPPH radical. 14) Hence, the proton at 5.83 could reasonably be assigned to H-5 of 2-methoxyprotocatechuquinone methyl ester 3-methyl hemiacetal (12) . In addition, sodium dithionite reduction of the reaction mixture of 2 and DPPH radical in methanol led to the isolation of 9, although the yield was low. This result also confirms the intermediacy of 2-alkoxy derivatives in the reaction in alcohols.
The above results strongly indicate that the rapid radical scavenging reaction of methyl protocatechuate in methanol proceeds as shown in Fig. 8 . In the first step, a catechol group of 2 is readily oxidized by two equivalents of DPPH radical to give the corresponding quinone (8) within 5 min, which is equilibrated with its 3-methyl hemiacetal form (11) in the solution.
14) Then a nucleophilic attack by a methanol molecule on the C-2 position of 2 occurs spontaneously to yield a 2-methoxyprotoacatechuic ester (9) . A regenerated catechol moiety of 9 scavenges two additional radicals and is converted to the 2-methoxyquinone (10), which is quickly equilibrated with its hemiacetal form (12). The overall process accounts for scavenging of 4 equivalents of DPPH radical by one protocatechuic ester molecule. In fact, a radical scavenging ability over the 4 radicals was observed in 2 in methanol. An addition of the second methanol molecule toward C-5 or C-6 of the final 10 might occur, as shown in the case of the reaction of galloquinone and benzenethiol. 22) It is still unclear why sterically unhindered protocatechuquinone (7) scarcely undergoes a nucleophilic attack by alcohol molecules, unlike its methyl ester (8) . The strong electron-withdrawing nature of the quinone carbonyls might increase the acidity of free carboxyl group in 7 and enhance deprotonation to the carboxylate anion form. The electron-releasing nature of a carboxylate anion might deactivate the ring toward nucleophilic attack as compared to electron-withdrawing alkoxycarbonyl substituents due to the fact that a carboxylate group differs in electronic effect on the benzene ring from ester groups, 24) although direct evidence remains unavailable.
Finally, to investigate the effect of the water molecule on the radical scavenging reaction of protocatechuic esters, ABTS radical scavenging tests in aqueous solution were conducted. The radical scavenging equivalences of the protocatechuic esters and acid at 30 min were as follows: methyl (5.9), ethyl (5.7), butyl (5.6), isopropyl (5.3), tert-butyl (4.1), and acid (2.4) (Fig. 7) . This order coincided well with that shown in the DPPH radical scavenging reaction in methanol or ethanol. In this case, a water molecule perhaps played a role as nucleophile. The addition of a water molecule to the oquinone intermediates produced from food-derived polyphenols having a catechol structure would also affect their antiradical efficiency in an aqueous biological system.
